Adipose tissue is an endocrine organ secreting biologically active factors called adipokines that act on both local and distant tissues. Adipokines have an important role in the development of obesity-related comorbidities not only in adults but also in children and adolescents. Retinol binding protein 4 (RBP4) is a recently identified adipokine suggested to link obesity with its comorbidities, especially insulin resistance, type 2 diabetes (T2D), and certain components of the metabolic syndrome. However, data, especially resulting from the clinical studies, are conflicting. In this review, we summarize up-to-date knowledge on RBP4's role in obesity, development of insulin resistance, and T2D. Special attention is given to studies on children and adolescents. We also discuss the role of possible confounding factors that should be taken into account when critically evaluating published studies or planning new studies on this exciting adipokine.
Introduction
With the epidemics of obesity, much effort has been put into unraveling the mechanisms by which obesity causes its comorbidities (1, 2). Biologically active factors secreted from the adipose tissue have both local and systemic effects on the metabolism, immune system, and endocrinology. These factors are called adipokines and adipose tissue is regarded as an endocrine organ. It is well established that adipokines have an important role in the development of obesity-related comorbidities in children, adolescents, and adults (2) (3) (4) (5) (6) (7) .
Retinol binding protein 4 (RBP4) is a recently identified adipokine (8) that has caused a controversial scientific discussion on whether and how it links to adiposity, insulin resistance, and type 2 diabetes (T2D) (9) (10) (11) .
The discovery of RBP4 as a possible adipokine
The role of RBP4 in obesity and insulin resistance was first discovered by Barbara Kahn's group. They found that mice with an adipose-specific knockout of GLUT4 (adipose GLUT4 K/K mice) developed insulin resistance in muscles and liver (12) . Mice with adipose-specific overexpression of GLUT4 showed an increased capacity for glucose clearance (13) . These data suggest a factor secreted from the adipocytes that causes the observed changes in the muscle and liver (12) .
Using DNA arrays, it was shown that expression of RBP4 is increased in adipose tissue of adipose GLUT4 K/K mice and reduced in mice overexpressing adipose GLUT4. Changes in serum RBP4 levels correlated with changes observed in the adipose tissue mRNA levels (8) . RBP4 serum levels were also significantly increased in additional five mouse models of obesity and insulin resistance (8) . Furthermore, transgenic overexpression of human RBP4 or injection of recombinant RBP4 in normal mice caused insulin resistance (8) .
Increased serum RBP4 levels induced hepatic expression of the gluconeogenic enzyme phosphoenolpyruvate carboxykinase and impaired insulin signaling in the muscle (8) . On the other hand, mice with heterozygous or homozygous RBP4 knockout had increased insulin sensitivity (8) . By using insulinsensitizing medication, the PPARg agonist rosiglitazone, a normalization of insulin sensitivity in adipose GLUT4 K/K mice and a decrease in their RBP4 levels in the adipose tissue and in serum, but not in the liver, could be shown (8) . In addition, fenretinide, a synthetic retinoid that increases urinary excretion of RBP4, normalized serum RBP4 levels and improved insulin resistance and glucose intolerance in mice with obesity (8) .
Based on these studies, it was suggested that RBP4 is an adipocyte-derived factor that acts on muscle and/or liver, in either retinol-dependent or retinol-independent way, affecting insulin sensitivity (8, 12) .
Characteristics of RBP4
RBP4 belongs to the lipocalin family of proteins that transport small hydrophobic molecules (14) . The RBP4 gene is located on chromosome 10 (10q23-q24) near the region that has been linked to increased fasting glucose levels in European Caucasians and to T2D in Mexican-Americans (15, 16) . It encodes a protein of 201 amino acids and has a molecular mass of w21 kDa (17, 18) . Liver has the highest expression level of RBP4; however, adipose tissue has the second highest rate of expression, i.e. 20-40% of that found in the liver (19) . In adipose tissue, RBP4 is expressed in mature, lipidladen adipocytes (20) .
RBP4 is a transport protein for retinol (vitamin A) in the circulation. It transports retinol from the liver to the peripheral tissues (21) . Plasma RBP4 levels positively correlate with retinol levels (22) . Therefore, subject's retinol status can influence circulating RBP4 levels. In clinical studies, RBP4-to-retinol ratio is used to correct for retinol status of the investigated subject (22) .
Of importance, RBP4 does not interact only with retinol. Formation of a complex with transthyretina carrier of thyroid hormone and retinol -prevents glomerular filtration of RBP4 and its subsequent excretion through the kidney (23) . It is debatable whether increased transthyretin levels and/or enhanced RBP4 to transthyretin interaction can result in decreased renal clearance of RBP4 and consequently its increased circulating levels (24, 25) . Circulating RBP4 levels are also influenced by iron and ferritin status as discussed later in the text (26) .
At the level of peripheral tissues, RBP4 may act directly by binding to cell surface receptors (27) (28) (29) or through retinoic acid on retinoic acid receptors and retinoic acid-X receptors (30) . With respect to the association between RBP4 and insulin resistance/T2D, a recently identified RBP4 cell surface receptor, stimulated by retinoic acid gene homolog 6 (STRA6), seems to be of special importance (29) . SNPs in this transmembrane protein, which has high affinity for RBP4 and is a major mediator of intracellular retinol uptake, have been identified that are linked to T2D (31).
RBP4, obesity, and body fat distribution: clinical studies Serum RBP4 levels are increased and positively correlated with body mass index (BMI) in obese nondiabetic and diabetic subjects (8, 32) . Several RBP4 gene variants have been determined that associate with the level of adiposity and the predisposition for visceral accumulation of adipose tissue (Table 1) . Two SNPs (SNP (risk allele) rs10882283(G) and rs10882273(C)) are associated with increased BMI and waist-to-hip ratio (33) . Regulatory RBP4 SNP (SNP (risk allele) rs3758539(A)) resulting in overexpression of RBP4 and increased susceptibility for obesity, as a consequence of increased adipogenesis, has been reported (34) . In addition, a higher visceral RBP4 mRNA expression has been reported in diabetes risk RBP4 haplotype carriers (SNP (risk allele) rs3758539(G), c.248C44TOC, rs12265684(G), and rs10882273(C)) (33) .
In addition to increased BMI and whole-body fat content, increased circulating RBP4 levels are linked to increased visceral adipose tissue content (35) (36) (37) (38) (39) . RBP4 is preferentially expressed in visceral fat when compared with subcutaneous fat (40) . Omental adipose tissue is an important source of RBP4 in severely obese patients (39) . In a recent study, higher waist circumference and waist-to-hip ratio were associated with higher RBP4 levels and markers of systemic inflammation (41) .
Significant decrease in weight, achieved by diet, exercise, or bariatric surgery, leads to a decrease in circulating and/or adipose tissue RBP4 levels (9, 32, (42) (43) (44) . The changes in RBP4 levels in non-diabetic subjects during weight loss were significantly correlated with the amount of visceral fat loss but were not associated with the amount of total body fat loss or abdominal subcutaneous fat loss (43) . A decrease in serum RBP4 levels achieved by exercise training predicts the improvement in insulin sensitivity with greater specificity than leptin, adiponectin, interleukin-6, or C-reactive protein (32) .
These studies suggest an association between adiposity, especially visceral, with increased levels of circulating and adipose tissue RBP4 levels. A decrease in weight and/or intensive exercise results in decreased RBP4 levels and correlates with the improvement in insulin sensitivity.
RBP4 in insulin resistance and T2D: clinical studies
Even before RBP4 was considered a possible adipokine, there were reports on increased levels of RBP4 in the serum or urine of subjects with T2D. However, causality was not suggested at this time point (45, 46) . Serum RBP4 levels are increased in subjects with impaired glucose tolerance, T2D, and correlate inversely with insulin sensitivity in non-diabetic subjects with a family history of T2D (8, 32, 35, 47) . Circulating RBP4 levels correlate with the degree of insulin resistance in these subjects and relationship is independent of obesity (32) .
Several RBP4 genetic variants are associated with insulin resistance and T2D (Table 1) . Two haplotypes (SNP (risk allele): rs3758538(A), rs3758539(G), rs10882283(G), c248C44TOC(T), rs12265684(G), rs10882273(C); and rs3758539(G), 390COG(G), 406TOC(T), rs36014035(G), rs12265684(G), rs34571439(T), rs12766992(G), rs10882273(C)) are significantly increased in Caucasians with T2D when compared with healthy controls (33, 48) . Four SNPs in Mongolian population (SNP (risk allele): rs3758539(A), rs7094671(T), rs12265684(C), and 7542TOdel(del)) and a haplotype in South Indian population (rs3758538(C), rs3758539(T), rs36014035(G), and rs34571439(T)) have also been determined that are associated with T2D (31, 49) . Haplotype (SNP (risk allele)) rs3758538(A), rs3758539(G), rs10882283(G), c248C44TOC(T), rs12265684(G), rs10882273(C)) is also associated with higher mean fasting plasma insulin and 2 h plasma glucose in OGTT in non-diabetic Caucasians (33) . In Mongolians, SNP in the regulatory region of the RBP4 gene (SNP (risk allele) rs3758539(A)) is associated with increased circulating RBP4 levels in T2D subjects (49) . Recently, three SNPs (SNP (risk allele): rs974456 (T), rs736118 (A), and rs4886578 (A)) and two haplotypes (SNP (risk allele): rs974456(C), rs736118(G), rs4886578(G) and (rs974456(T), rs736118(A), rs4886578(A)) in the gene encoding a high-affinity cell surface receptor for RBP4, STRA6, have been identified that are associated with T2D (31). In addition to decreased insulin sensitivity, a negative effect of RBP4 on the secreting function of the beta cell is suggested. Increased circulating RBP4 levels are namely negatively associated with insulin secretion, especially in obese subjects, and SNPs in the RBP4 gene (SNP (risk allele): rs3758539(A) and rs34571439(G)) were identified that are also associated with reduced insulin secretion in Caucasians (11, 48) .
Weight loss and exercise decrease RBP4 levels in subjects with insulin resistance and T2D (32, 50) . The decrease is specifically linked to those with improved insulin sensitivity (32) . Therapy with insulin-sensitizing agent rosiglitazone also decreases circulating RBP4 levels (37) . At the level of the adipose tissue, slight weight loss, achieved by caloric restriction, results in slight decrease in adipose tissue RBP4 expression. This is, however, not reflected in circulating RBP4 levels (9) .
Altogether, these data suggest that RBP4 is increased in the early stages of the development of T2D. It could be used as an additional marker for early detection of subjects predisposed to develop T2D enabling an early and vigorous intervention. Since levels of RBP4 decrease with weight loss and exercise, RBP4 could also be used as an additional parameter in the estimation of the success of the intervention.
Circulating RBP4 levels also correlate with other components of the metabolic syndrome (32, (51) (52) (53) (54) . It is suggested that RBP4 is a predictor of atherosclerosis and its clinical manifestations -cardiovascular diseases. Circulating RBP4 levels are positively associated with intima media thickness, an established parameter of atherosclerosis (55) . Increased RBP4 levels are found in subjects with cerebral infarction, associated with earlier cardiovascular disease, and increased risk of incident coronary disease (56) (57) (58) . The positive association with the metabolic syndrome and its complications was, however, not determined in all studies (59, 60) . In addition, determining circulating RBP4 levels does not provide any additive value, to the commonly accepted risk factors, in determining the risk of future coronary artery disease in both female and male (58) .
RBP4 in childhood/adolescent obesity and insulin resistance
The role of RBP4 in obesity and its comorbidities was also investigated in children and adolescents of different ethnic backgrounds. In prepubertal and early pubertal children and in adolescents, serum RBP4 levels are increased in those with obesity (61) (62) (63) (64) (65) (66) (67) . In prepubertal and early pubertal children, RBP4 and RBP4-to-serum retinol ratio were positively correlated with BMI, visceral accumulation of adipose tissue, components of the metabolic syndrome, and inflammatory markers (61, 62, 64, 66, 67) . Of importance, dietary intake of retinol was considered in the analysis in some studies (61, 63) . In lean children, BMI is, however, not correlated to circulating RBP4 levels (68) .
Plasma RBP4 levels are also increased in obese children and adolescents with glucose intolerance compared with those with normal weight. There is a negative correlation between skeletal muscle insulin resistance index and RBP4 plasma levels (64) . Homeostasis model assessment (HOMA) index is positively correlated with RBP4 serum levels in obese but not in lean children (68) . In a retrospective study, an increase in RBP4 with time was associated with increased odds of worsening insulin resistance and this association was independent of changes in adiposity (69) .
In small for gestational age newborns that are predisposed to insulin resistance, RBP4 level in cord blood is, however, reduced. Birth weight, and not parameters of insulin sensitivity, is the major parameter determining circulating RBP4 levels in this population (70) .
As in adults, in obese adolescents, RBP4 levels decrease with lifestyle intervention. This reduction is correlated to the magnitude of the decrease in inflammatory markers (62) . These results were confirmed in a longitudinal follow-up study on prepubertal to early pubertal children where substantial weight loss resulted in reduced levels of RBP4 and RBP4-to-serum retinol. The decrease was in parallel with the decrease in blood pressure, triglycerides, insulin, and HOMA index and an increase in quantitative insulin check index (QUICKI) (63) .
These data suggest that in children and adolescents, RBP4 levels could be linked to obesity and insulin resistance, although it must be emphasized that positive associations have not been shown in all studies (71) . Longitudinal clinical studies on the role of this adipokine in the development of obesity-associated metabolic comorbidities are necessary in children and adolescents.
Clinical studies showing lack of association between RBP4 levels and obesity and/or insulin-resistant states
The associations between RBP4 levels, RBP4 gene expression, and measures of obesity or insulin resistance have, however, not been found consistently in clinical studies. Several studies found no correlation between circulating RBP4 levels, the level of obesity, and the amount and distribution of adipose tissue (9-11, 35, 72) . In addition, several studies found no correlation between RBP4 adipose tissue mRNA expression and serum levels (9, 10, 44, 73) .
In several studies, circulating RBP4 levels also did not correlate with insulin resistance, impaired glucose tolerance, T2D, or altered insulin secretion (10, 72, (74) (75) (76) (77) . In adipose tissue and muscle, insulin-sensitizing agent pioglitazone unexpectedly increased RBP4 gene expression (10) . With regard to children, RBP4 levels do not significantly differ between prepubertal and pubertal children, despite the later being significantly more insulin resistant, indicating lack of causal association between insulin resistance and RBP4 serum levels in children and adolescents (68) .
Some alternative explanations were therefore proposed for the observed positive correlations between RBP4, obesity, insulin resistance, and T2D. Increased circulating RBP4 levels in T2D subjects could be the result of decreased renal clearance of RBP4 caused by different levels of renal insufficiency in these subjects (78) (79) (80) . These studies are supported by the fact that patients with end-stage kidney failure have significantly higher circulating RBP4 levels than healthy controls and that serum creatinine levels independently predict RBP4 concentrations in both controls and patients with kidney failure (81) . There is an ongoing debate on the possible influence of transthyretin on circulating RBP4 levels via RBP4's decreased renal clearance (24, 25) . It is also proposed that imbalance between RBP4 and retinol might be the underlying cause for the observed association between RBP4 levels and systemic insulin resistance (22) .
In addition, shortcomings in the methodology of measuring RBP4 levels are reported. RBP4 levels can already be influenced by the collection method. Plasma anticoagulants (heparin, EDTA, citrate, and lithium chloride) in collecting tubes alter the absolute amount of RBP4 immunoreactivity. The influence is unpredictable from subject to subject. Therefore, glass vacuum tubes without additives are suggested as an optimal collection container. Further, the design of RBP4 antibodies used in the immunoassays and the design of the immunoassays itself can importantly influence the results. It is suggested that quantitative western blotting standardized to full-length RBP4 protein is the most reliable method to measure the levels of RBP4 (32).
Sex-specific dimorphism of RBP4
It is known that certain adipokines are expressed differently depending on the gender. Higher circulating levels of leptin and adiponectin are found in women (82, 83) . On the contrary, higher levels of circulating RBP4 are described in men (35, 37, 65, 67, 72) . This dimorphism was, however, not shown in all studies (32, 73, 84, 85) . Recently, higher RBP4 mRNA expression in adipose tissue was found in women when compared with men; this was, however, not reflected in the circulating levels (73) .
It is suggested that sex-specific dimorphisms in circulating levels of adipokines can be related to direct effects of sex hormones on adipocyte expression and secretion (83) . In case of RBP4, this possible mechanism is not supported by the fact that serum RBP4 levels are similar in pubertal and prepubertal subjects that significantly differ in levels of circulating sex hormones (68) . However, higher circulating RBP4 levels were determined in male adolescents in comparison with female adolescents (67) . A possible direct role of gonadotropins on the expression of RBP4 is also proposed, as circulating RBP4 levels are higher in postmenopausal compared with premenopausal women and in women older than 50 years when compared with those younger than 50 years (35, 86, 87) . Circulating RBP4 levels are increased in women with polycystic ovary syndrome (PCOS) and are correlated to increased levels of FSH and LH (88) . In women with PCOS, RBP4 serum levels are positively correlated to serum levels of androgens (testosterone, 17-OH progesterone, and DHEA sulfate) (89) . In addition, increased RBP4 mRNA and protein levels were found in adipose tissue of women with PCOS. In cell culture experiments, estradiol and not androgens, however, directly increases the RBP4 mRNA expression, protein levels, and secretion of RBP4 into the culture media (90) . Recently, it was proposed that another sex-dimorphic adipokine leptin directly stimulates RBP4 expression in human adipocytes (73) . RBP4 sex-specific dimorphism is also linked to iron metabolism. Serum ferritin levels are higher in men than in women and are positively associated with serum RBP4 concentration in humans. Iron depletion leads to a decrease in circulating RBP4 levels and an increase in insulin sensitivity (26) .
Studies on human adipocytes
Despite intriguing findings from animal and clinical studies, there is still limited data on the mechanisms involved in RBP4 expression and secretion and its possible auto-and para-crine effects on the human adipocyte ( Table 2) .
While studying altered insulin signaling in adipocytes treated with RBP4, it was proposed that RBP4 inhibits phosphorylation at the site of the insulin receptor substrate 1 that may be responsible for integrating nutrient sensing with insulin signaling (91) . In a study focusing on the role of inflammation in RBP4 expression in human adipocytes, RBP4 was unexpectedly downregulated by tumor necrosis factor a (TNFa) (92) . While studying the effect of commonly used anti-diabetic medications on RBP4 expression in human adipocytes, surprisingly an upregulation of RBP4 was determined with the use of PPARg agonists troglitazone and pioglitazone (10, 92) . Metformin had no effect on the expression of RBP4 (92) . The same lack of effect was found in adipose tissue explants of humans treated with metformin (26) ( Table 2) .
However, in studies linking changes in RBP4 expression with changes in insulin sensitivity and iron status, it was determined that lactoferrin, an iron donor, led to a significantly increased expression of RBP4 and to increased release of RBP4 into the media in a dosedependant manner. Apotransferrin and deferoxamine, both iron buffers, significantly decreased the expression and release of RBP4, suggesting a link between RBP4, insulin resistance, and iron metabolism (26) .
Very recently, it was shown that other adipokines could have a direct role in stimulating RBP4 expression in human adipocytes. Namely, treatment of adipocytes from human visceral adipose tissue explants with increasing doses of recombinant leptin is associated with increased RBP4 protein expression (73) .
Further studies are thus needed to precisely determine the regulation of RBP4 expression and secretion on the level of the human adipocyte. In addition, interactions with other factors involved in adipose tissue insulin resistance need to be further explored.
Conclusions
RBP4 is an adipokine consistently associated with adiposity and insulin resistance in animal models (8, 12) . It was also considered a promising adipokine in humans possibly linking adiposity, insulin resistance, T2D, and certain components of the metabolic syndrome (32, 33, 35, 47, 48, (51) (52) (53) (54) . However, in several clinical studies, associations and/or causality of observed RBP4 expression changes with these states could not be shown (9-11, 35, 71, 72, 93) . It seems that there are many confounding factors that affect the proposed correlations and should be taken into account when interpreting the results. In addition to differences in the genetic background of screened populations, gender ratios and age of the population studied have an important role in the interpretation and comparison of the data. Methodological differences in collection of the samples and determination of RBP4 levels must be considered (32) . Confounding effects of retinol status, iron status, and kidney function also seem to be of importance and should be addressed in the design of future studies (22, 26, 78) . Additional studies on human adipocytes are needed to unravel the regulation of RBP4 expression and secretion and its auto-and para-crine effects.
The majority of clinical studies in children and adolescents, to date, support the hypothesis that RBP4 has a relevant role in obesity and the development of insulin resistance and T2D in this population (61-64, 67, 68) . RBP4 is an adipokine that seems to be involved in the early phases of the development of insulin resistance and other components of the metabolic syndrome. Therefore, longitudinal studies investigating the prognostic value of RBP4 are especially needed in children and adolescents predisposed to developing these conditions.
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